Taking the geology and tectonic evolution characteristics of the Sichuan Basin into account, the chemical and stable isotopic compositions of natural gas, and biomarker compounds in the reservoir bitumen in the Puguang giant gas field, are investigated to identify the genetic type of marine sour natural gas, take the gas-source correlation, and set up the gas-filling model of the Puguang giant gas field in the Sichuan Basin. The alkane gases in the field are dominated by methane, ranging from 22.06% to 99.64% with an average value of 76.52%, and the low content of heavy hydrocarbon gases are dominantly ethane and little propane. The H 2 S contents occur among the marine carbonate gas reservoirs, ranging from 0 to 62.17%, wherein the H 2 S contents in the Upper Permian Changxing Formation and Lower Triassic Feixianguan Formation range from 6.9% to 34.72% (average value=15.27%) and from 0% to 62.17% (average value= 13.4%), respectively, indicating that both are H 2 S-enriched reservoirs. The chemical and carbon isotopic compositions of marine natural gases show that the alkane gas in the Puguang giant gas field is dominantly oil-cracking gas at high maturity stage, and the biomarker characteristics of reservoir bitumen indicate that the major source rocks are the Upper Permian Longtan Formation sapropelic matters. Moreover, various levels of thermochemical sulfate reduction (TSR) were present in the process of oil-gas transformation, not only increasing the content of non-hydrocarbon gas components (CO 2 and H 2 S) and decreasing the content of heavy hydrocarbon gases, but also causing the reversal of carbon isotope compositions of methane and ethane and the heavier carbon isotope of methane. The recovery of structural configurations over geological time investigates that the gas-filling history of Puguang giant gas field can be divided into three stages: formation of paleo-oil accumulation from the middlelate Indosinian period to the early Yanshanian period, thermal cracking of paleo-oil and TSR alteration from the early to the middle Yanshanian period, and adjustment of gas accumulation from the late Yanshanian to the early Himalayan period. The gypsum of the Lower Triassic Jianglingjiang Formation and the Middle Triassic Leikoupo Formation plays the most important role as effective seal to the gas preservation in different periods.
INTRODUCTION
The Sichuan Basin has the thickest marine carbonate sequences in China, with a total thickness of 1895 m; it also has the largest number of gas producing layers in the marine carbonate sequences, with nine gas producing layers from the Dengying Formation of the Upper Sinian to the Middle Triassic Leikoupo Formation of the Triassic (Wang, 1997) . These marine carbonates supply plenty of sources for the gas reservoirs in the Sichuan Basin. It is commonly believed that the natural gas in the2. GEOLOGICAL BACKGROUND The Puguang giant gas field which is located in the Xuanhan County, Dazhou city of Sichuan province, structurally belongs to the north portion of the northeastern Shuangshimiao-Puguang tectonic zone, with a nose-shaped eminence at the north plunging end of the Dongyuezhai anticline. Commercial gas flow in the Lower Triassic Feixianguan Formation was obtained in 2003. The main gas-bearing intervals are located in the Lower Triassic Feixianguan Formation and the Upper Permian Changxing Formation, and the gas bearing area of reef-flat dolomite reservoir is about 94.26km 2 . Small-scale commercial gas flow is also obtained in the Lower Triassic Jialingjiang Formation. By the end of 2011, the total gas geological proven reserve of natural gas in the Puguang gas field is 4122×10 8 m 3 , ranking the largest marine giant gas field in China.
Source rocks
Geochemical measurement of field and drilled well samples shows that source rocks in the NE Sichuan Basin were developed in the Lower Cambrian Qiongzhusi Formation mudstones/shale, the Upper Ordovician Wufeng Formation-Lower Silurian Longmaxi Formation shale, the Lower Permian carbonates, and the Upper Permian mudstones. Moreover, the resoluble organic matters early derived in the source rocks (including paleo-oil and dispersed resoluble organic matters) could be cracked into gases. Up to present, the Lower Silurian source rocks have not been found in the drilled wells in the Xuanhan-Daxian area. According to the data collected from wells of MB 3 and PG 5, the Permian source rocks are mainly carbargilite and calcareous marls with a total thickness of about 150m with little development of coal measure. The Lower Permian Maokou Formation marls have the total organic carbon (TOC) values in the range of 0.4-1.62%(average value=0.77%); the Lower Permian Qixia Formation marls have TOC values in the range of 0.4-1.21% (average value=0.51%); the Upper Permian Longtan (Wujiaping) Formation mudstones have TOC values in the range of 0.4-8.75%(average value=1.68%), with a thickness of 40-130 m, suggesting it should have good potential of hydrocarbon generation. The thermal maturity (Ro%) of Permian source rock in the NE Sichuan is in the range of 2.5-3.9%.
Reservoirs
The major gas producing layer in the Puguang gas field is reef-flat reservoir of the Upper Permian Changxing Formation and the Lower Triassic Feixianguan Formation. The Lower Triassic Feixianguan Formation oolithic flat reservoirs are the oolithic limestone and dolomite formed in the exposed shallow shoal facies platform. The primary reservoir space includes oolitic mould pores, intergranular dissolved pores, intercrystalline pores enlarged by dissolution and karst caves, and the secondary space is intercrystalline pores, intergranular pores and fissure which were mostly filled with bitumen. The Upper Permian Changxing Formation platform brim reef-flat facies are comprised of flat, organic reef, platform evaporate tidal-flat, and shallow shoal, and with lithological categories of shallow grey biolithite, dolomite, residual oolitic dolomite, pore-dissolved dolomite, calcarenite, and dolosiltite. The intercrystalline pores, intercrystalline dissolved fissures, and dissolved pores, were developed in dolomites, while the basically mud crystal micropores in the lime-mud matrix as well as a small number of dissolved pores, holes, and mould pores were developed in limestones. Therefore, although the reservoir of Puguang gas field experienced deep burial, the high porosity and permeability are still maintained, with the porosity in the range of 0.94%-28.9% (average value=8.17%) and the permeability in the range of 0.01-9664md (average value=94.4md) (Ma et al., 2007) . Figure 2. Stratigraphic column and source, reservoir and seal intervals in the Puguang giant gas field.
Caprocks
The caprocks of the Puguang gas field are mainly the Lower Triassic Jialingjiang Formation and Middle Triassic Leikoupo Formation anhydrite, which are mostly distributed in the 4 th and 5 th portions of the Jialingjiang Formation and the 1 st portion of the Leikoupo Formation, and secondarily distributed in the 2 nd portion of the Leikoupo Formation and the 2 nd portion of the Jialingjiang Formation. The thickness of per well is in the range of 190-650 m, wherein gypsum of 20-50m thick is located in the 4 th and 5 th portions of the Jialingjiang Formation. Gypsum from the 2 nd portion of the Jialingjiang Formation to the Leikoupo Formation in the PG 2 well has a total thickness of 279m; gypsum from the Feixianguan Formation to the Leikoupo Formation in the PG1 well is 316m thick.
SAMPLES AND METHODS
All the natural gas samples were collected directly from the wellheads in commercial gas production fields after first flushing the lines for 15-20min to remove air contamination. The stainless steel bottles with 10cm diameter and about 1000cm 3 volume, equipped with shut-off valve at both ends with a maximum pressure of 22.5 MPa, were used to collect gas samples. The pressure inside the container was kept generally higher than 5.0MPa. After collecting gas samples, the bottles were submerged in water for leakage test.
Chemical composition was analyzed using a Finnigan MAT-271 mass spectrometer with the test setting of EI ion source, 86eV electronic energy, mass detection range of 1-350 amu, resolution of 3000, 8kV accelerated voltage, 0.200mA emission, and vacuity <1.0×10 -7 Pa. According to the measurement law of mass spectrometry (State Standard of China GB/T 6041-2002 and GB/T10628-89), the chemical composition of the sample was calculated in comparison with standard gas. Carbon and hydrogen isotopic compositions of natural gas were measured in the Organic Geochemistry Lab of Langfang Branch of Research Institute of Petroleum Exploration and Development, PetroChina, and the Gas Geochemistry Key Lab, Lanzhou Institute of Geology, Chinese Academy of Sciences. The test results from both labs are highly correlated and generally within the range of testing precision. Stable isotope composition is tested and analyzed with a Finnigan MAT-252 mass spectrometer. The analytical conditions were as follows: gas chromatographic column: Porak C (25 m×0.53 mm×20 µm); constant temperature of 30 o C for 5min, over temperature from 30 o C to 200 o C at a heating rate of 10 o C/min, constant temperature of 200 o C for 5 min; pure helium as a carrier gas. The analytical error in the 13 C value (PDB) was less than 0.3‰. The hydrogen isotopic compositions of gas components were measured using a Thermo Finnigan Delta plus XP mass spectrometer. Chromatographic separation of gas components was achieved using ATC-2000 type column with 25m×0.53 mm×20 µm, helium carrier gas. The analytical conditions of gas chromatography (GC) were as follows: the column had an initial flow rate of 1.5 ml/min, and gas oven was held constant at 30 o C for 5 min and then programmed to 80 o C at a heating rate of 8 o C /min, and then heated to 260 o C at a heating rate of 4 o C/min where it was held for 10 min. The conditions of mass spectrometer: an Electronic ionization detector (EI), electronic energy of 124 eV, emission current of 1.0mA, accelerated voltage of 3kV, mass range (Cai et al., 2003; Liu et al., 2012) , it is not measured in the same formation of the Puguang gas field.
Stable isotopic composition
The stable isotopic composition of methane and its homologues provides important marker information in classifying the genetic types of the natural gas and identifying the source. δ 13 C 2 values mainly reflect the carbon isotopic inheriting effect from precursor, while δ 13 C 1 values are influenced by the type and maturation of the kerogen. It has been statistically proven that coal-type gases from humic sources are characterized by higher carbon isotopic ratios of ethane (δ 13 C 2 >-28‰), whereas oiltype gases from sapropelic sources display a more negative ethane carbon isotopic compositions (δ 13 C 2 <-28‰). For oil-type gas, the δ 13 C 1 values of normal oilassociated gas, condensate gas and thermally cracked gas range from -48‰ to -40‰, -40‰ to-36‰, and higher than -36‰, respectively (Galimov, 1988; Schoell, 1988; James, 1990; Prinzhofer and Huc, 1995; Liu et al.,2008) . As listed in Table 1 , the dominant ranges of the δ 13 C 1 and δ 13 C 2 values for the marine sour natural gas in the Puguang gas field are -33.6‰ to -26‰ (average value= -30.4‰), -33.3‰ to -25.2‰(average value=-29.5‰), respectively. Although some δ 13 C 2 values are higher than -28‰, the carbon isotopic composition of methane is over -36‰ and the dryness coefficient is higher than 0.99, so the alkane gas is of oil-type gas with high-over thermal maturation. The δ 13 C CO2 values range from -11.1‰ to 3.3‰ with an average of -2.3‰. The δ 34 S H2S values in the Upper Permian Changxing Formation gas reservoirs vary from 3.3‰ to 27.8‰, with dominant range from 8.8‰ to 
DISCUSSION

Genetic types of alkane gases
Chemical and carbon isotope compositions of natural gases are effective geochemical parameters to identify the genetic type of natural gas and determine the gas source (Stahl and Carey, 1975; Galimov, 1988; Schoell, 1988; Xu and Shen, 1996; Lorant and Behar, 2002; Liu et al., 2008; . Normally, oil-type gas originating from sapropelic sources is characterized by a relative depletion in the 13 C isotope, and coal-type gas derived from humic sources is typified with enrichment in 13 C isotope. As shown in Figure 3 , the correlation of δ 13 C 1 and δ 13 C 2 indicates that the δ 13 C 2 values in marine natural gas of Puguang gas field are less than -28‰, similar with that in Jingbian gas field of the Ordos Basin (Cai et al., 2003; Liu et al., 2009; Jin et al., 2012; Liu et al., 2012) and Hetianhe gas field of the Tarim Basin (Liu et al., 2008) , and obviously different from terrestrial natural gas from Sichuan, Tarim and Ordos basins Liu et al., 2008; Ni et al., 2012) . Although some δ 13 C 2 values for the natural gas from the PG 2 and PG 6 wells of the Puguang gas field are higher than -28‰, the correlation of δ 13 C 1 and δ 13 C 2 is different from that of the coal-type gas. Therefore, the marine gas in the Puguang gas field is dominantly oil-type gas.
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Oil-type gas Figure 3 . Correlation of δ 13 C 1 and δ 13 C 2 for natural gases from the Sichuan, Tarim and Ordos basins. Data for marine gas in the E and NE Sichuan Basin is from Liu et al. (2013) , data for marine and non-marine gas in the Tarim Basin is from Liu et al. (2008) , and data for marine gas in the Ordos Basin is from Liu et al. (2009) .
As shown in Figure 4 , the Bernard's pattern (Bernard et al., 1978) for classifying gas origin indicates that the δ 13 C 1 values for the marine gas tend to be larger with increasing thermal maturity trend, the correlation of δ 13 C 1 and C 1 /(C 2 +C 3 ) for the marine gas from the eastern Sichuan Basin is similar to that in the Tarim Basin and the Ordos Basin, and the gases from the marine carbonate reservoirs in the eastern Sichuan Basin were plotted in the area close to or within the field for gases from type II kerogen, further confirming their sapropelic origin. However, these gases display relative constant δ 13 C 1 value but widely variable C 1 /(C 2 +C 3 ) ratios and do not follow the trend of increasing maturity. Such a pattern would be attributed to the effect of TSR alteration , in which hydrocarbons are oxidized and altered into a large amount of methane, H 2 S and CO 2 , and the carbon isotope in the produced methane becomes heavier than that resulting from normal thermal evolution. Therefore, TSR causes the increase of methane content and a narrow range of carbon isotope of methane (Liu et al., 2013) . The effect of TSR alteration on the carbon isotopic composition of alkane gas will be discussed in the following section. . Modified Bernard's diagram of δ 13 C 1 vs. C 1 /C 2 +C 3 for natural gases from Sichuan Basin and others (data of the gas in the Tarim basin and the marine gas in the Odors basin is from Liu et al., 2008 and Liu et al., 2009, respectively) .
Origin and sources of CO 2 and H 2 S
The CO 2 contents in the Puguang marine gas range from 0.01% to 18.03%, wherein the dominant range of CO 2 is 0.01 to 16.48% (average value=9.11%) in the Upper Permian Changxing Formation, 0.01% to18.03%(average value=8.89%) in the Lower Triassic Feixianguan Formation, and 0.12% to 8.27%(average value=4.2%) in the Lower Triassic Jialingjiang Formation. CO 2 in natural gas could be formed via six pathways: thermogenic gas (Tissot and Welte, 1984; Dai et al., 1996; , mantle degassing (Poreda et al., 1986; Xu et al., 1998; , carbonate reservoir dissolution by acid fluids including the organic acids (Lund et al., 1973; Fredd and Fogler, 1998; , thermal decomposition of carbonates inside the earth crust (rock metamorphism and magmatic process) (Dai et al., 1996; Huang et al., 2003; , bacterial sulfate reduction (BSR) (Machel et al., 1995; Machel, 2001) , and thermal sulfate reduction (TSR) Cai et al., 2003; Zhu et al., 2005; Mougin et al., 2007) . The Whiticar's diagram (Whiticar et al., 1986 ) is commonly used to classify the genetic types of CO 2 . A modified Whiticar diagram characterizing CO 2 from the Puguang gas field based on the δ 13 C 1 vs δ 13 C CO2 is shown in Figure 5 . On the diagram, the CO 2 in the Puguang gas field was mainly plotted in an area close to or within the field for CO 2 from thermogenic gases or mantle degassing . However, the deep origin CO 2 is neglected in the Puguang gas field since the Sichuan Basin is cratonic basin (Xu et al., 1995) , with no pathway for mantle degassing. The high maturity of Lower Paleozoic source rocks suggests that CO 2 would be excluded from the BSR. Moreover, the Dai's diagram (Dai et al., 1996) for the genetic classification of CO 2 based on CO 2 content vs 13 C CO2 values is shown in Figure 6 . On the diagram, most data of the Puguang gas field are plotted in the area of thermal decomposition of carbonates inside the earth crust (rock metamorphism and magmatic process), except for the Changxing Formation in the MB 1 well and the Feixianguan Formation in the MB 6 well. Therefore, the CO 2 in the Puguang gas field mainly has three origins of thermogenic origin, thermal decomposition of carbonates, and TSR.
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Origin of marine sour natural gas and gas-filling model in the Puguang giant gas field, Sichuan Basin, China Figure 5 . Modified Whiticar's diagram characterizing CO 2 from the Puguang gas field.
Similar to the CO 2 content, the H 2 S content in the Puguang field varies widely from 0% to 62.17%, wherein the dominant range of H 2 S is 6.9% to 34.72%(average value=15.27%) in the Upper Permian Changxing Formation (P 2 ch), 0% to 62.17% (average value=13.4%) in the Lower Triassic Feixianguan Formation, and the highest content of H 2 S in the 5448.3-5469m and 5423.6-5443m depth of the PG 3 well is 62.17% and 45.55%, respectively. The H 2 S mainly originates from the thermal decomposition of source rocks or crude oil, and the TSR. The H 2 S content for the former two origins is normally less than 3.0% (Orr, 1974) , while the content of TSRgenerated H 2 S varies greatly (Machel et al., 1995; Cai et al., 2003; Zhu et al., 2008; Liu et al., 2012) . It has been statistically proved that H 2 S is formed by TSR if the H 2 S content is higher than 5.0%, with a very large dryness coefficient (C 1 /C 1-3 over 0.99) and high δ 13 C 1 value (Liu et al., 2013) . Therefore, the H 2 S from the Puguang gas field may mainly originate from TSR. Figure 6 . Modified Dai's diagram of CO 2 content vs δ 13 C CO2 for genetic classification of CO 2 in the Puguang gas field.
ENERGY EXPLORATION & EXPLOITATION
· Volume 32 · Number 1 · 2014 123
5.
3. The effect of TSR on chemical and carbon isotopic compositions of natural gas 4.3.1. Chemical composition of natural gas TSR refers to the chemical reduction reaction of sulfate and organic matter or hydrocarbons under certain temperature conditions. In this reaction process, a number of accompanied gases are generated. Gas species from TSR are slightly different in reaction stages. At the beginning of TSR reaction or incomplete oxidation alteration of hydrocarbons, the gas species are CH 4 , H 2 S and CO 2 Pan et al., 2006) ; and TSR process can be roughly expressed as:
Since the access of sulfur element into the TSR can effectively reduce the activation energy of chemical reaction, the hydrocarbons become very unstable and a great amount of CH 4 , H 2 S, CO 2 and H 2 O was generated during TSR (Zhang et al., 2007; . This reaction caused the increase of dryness coefficient of natural gas and the increases of relative content of acidic gases, such as H 2 S and CO 2 . Figure 7 shows the correlation of CH 4 /CO 2 vs (H 2 S+CO 2 )/(H 2 S+CO 2 +∑C 1-3 ) ratio in the natural gas from the northeastern Sichuan Basin. The ratio of (H 2 S+CO 2 )/(H 2 S+CO 2 +∑C 1-3 ) ratio decreases as the CH 4 /CO 2 ratio increases. When CH 4 /CO 2 ratio is less than 10 and the corresponding H 2 S and CO 2 contents are over 5.0%, the (H 2 S+CO 2 )/(H 2 S+CO 2 +∑C 1-3 ) ratio increase exponentially. This observation indicates that the relative contents of acid gases (H 2 S and CO 2 ) would rise more rapidly than that of methane. The production of acid gas (H 2 S and CO 2 ) is probably the most salient feature of TSR, although the amount of acid gases produced varies with the hydrocarbon type getting involved. The TSRs for a variety of hydrocarbons are given as follows (Pan et al., 2006 Thus, once TSR has been initiated, the hydrocarbons would be oxidatively altered and a large amount of CH 4 , H 2 S, CO 2 and H 2 O could be produced, and the gas dryness coefficient of the natural gas increases and the relative contents of the nonhydrocarbon gas H 2 S and CO 2 also increase, and the increasing rate of CO 2 is lower than that of H 2 S. It was previously believed that the hydrocarbons could be completely consumed by TSR and subsequently transformed into H 2 S and CO 2 (Krouse et al., 1988; Machel et al., 1995; Cai et al., 2003) . However, the results of thermal simulation experiments revealed that, besides H 2 S and CO 2 , a large amount of CH 4 was also produced (Pan et al., 2006; Zhang et al., 2007; . This phenomenon refers that the TSR causes not only the generation of acid gas (H 2 S and 124
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CO 2 ) but also of CH 4 . Moreover, as the TSR proceeds, CH 4 could become unstable and react with sulfates to generate H 2 S and water Cai et al., 2004) ; the reaction can be expressed as follows:
CaSO 4 +CH 4 →CaCO 3 +H 2 S+H 2 O During TSR process, an amount of acidic gases of H 2 S and CO 2 is generated, accompanied with water and carbonate, such as CaCO 3 and MgCO 3 . If the expressed equations of TSR above exist, the generation rate of acid gases is no better than that of CH 4 and the relative decrease of CH 4 content and relative increase of acid gases contents in natural gas occurred. Figure 7 . Plot of CH 4 /CO 2 vs (H 2 S+CO 2 )/(H 2 S+CO 2 +∑C 1-3 ) for the natural gas from northeastern Sichuan Basin.
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Carbon isotopic composition of natural gas
The normal order of stable carbon isotopic composition of gaseous alkanes is controlled by the process of isotope kinetic fractionation during the chemical bond cleavage of hydrocarbons, because the required energy to break the chemical bonds in the hydrocarbon sources, e.g. 12 C-12 C, l2 C-13 C and l3 C-13 C, is different, and the energy required to break the chemical bonds of 12 C-12 C is lower than that of 13 C-12 C and 13 C-13 C (Chung et al., 1988; Tang et al., 2005; Galimov, 2006) . When TSR initiates, hydrocarbons with 12 C will react preferentially with sulfates as a result of their weaker bond strengths and the residual hydrocarbons will be isotopically heavy. So the residual hydrocarbons after TSR is relatively enriched in 13 C. If the carbon isotopic composition of source rock is homogeneous and the source rock is decomposed under single thermal stress, a linear correlation should exist between d 13 C and 1/n, where n notes carbon number, in which the δ 13 C values of gaseous alkanes become gradually enriched in 13 C with increasing molecular weight or carbon numbers (Chung et al.,1988) . Table 1 and Figure 8 show that the reversal of carbon isotope values of methane and ethane (i.e. 13 C 1 < 13 C 2 ) occurs for some natural gases from the Puguang gas field. Dai et al. (2004) concluded that the partial reversal order of the carbon isotopes for alkane gases might be related to four known possibilities, involving the mixing of biogenic and abiogenic gases, mixing of sapropelic and humic gases, mixing of gases from two source rock intervals of similar kerogen but of different maturity (from the same source rock of varying maturity), or microbial oxidation (Schoell, 1983; James, 1990) . The mixing of biogenic gas and inorganic gas is excluded since the Sichuan Basin is stable cratonic basin (Xu et al., 1995) , and the source rocks are at the stage of high-over maturation . These trends are not observed in the carbon isotope reversal of CH 4 and C 2 H 6 , only depended on the mixing of thermogenic gases from different source rocks and/or different thermal maturity (Schoell, 1983; Galimov, 1988; Xu and Shen, 1996; , since the kerogen types of Lower Silurian shale, Lower Permian marl and Upper Permian mudstone in the northeastern Sichuan Basin are dominantly type I and II , and the Upper Permian Longtan Formation coal measures are not developed in the NE Sichuan Basin, so coal-type gas is not available in a large scale. The carbon isotope reversal of CH 4 and C 2 H 6 may be related to TSR, in which macromolecule hydrocarbons are rapidly broken into small molecules such as methane and nonhydrocarbon gas (CO 2 and H 2 S) by means of TSR. As TSR commenced, the methane formed from heavy hydrocarbons TSR are isotopically enriched in 13 C compared with the methane obtained from normal thermal decomposition of organic matters. When a lot of isotopically heavy methane produced by TSR was mixed into natural gas, the dominant range of δ 13 C 1 values are small and the reversal of carbon isotopes of methane and ethane (δ 13 C 1 > δ 13 C 2 ) occurs Liu et al., 2013) . However, the CO 2 in the Puguang gas field is isotopically enriched in 13 C. Theoretically, the TSR-altered CO 2 should be isotopically lighter, since the carbon in CO 2 is mainly derived from hydrocarbons (Cai et al., 2004; Mougin et al., 2007; Zhang et al., 2007; . pointed out that as the TSR alteration between hydrocarbons and anhydrite proceeded, the δ 13 C CO2 value decreased from -9‰ to -15‰, accompanied by a great amount of organogenic CO 2 ,
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Origin of marine sour natural gas and gas-filling model in the Puguang giant gas field, Sichuan Basin, China Figure 8 . Patterns of carbon isotopic compositions of C 1 and C 2 from the Puguang gas field. The carbonate precipitation causes the isotopically heavier CO 2 left in natural gas and isotopically lighter calcite , suggesting that carbon isotope fractionation of CO 2 would happen between CO 2 produced from TSR and precipitated as calcite products (Krouse et al., 1988; Giuliani et al., 2000) . There is a lot of crystal calcite associated with reservoir bitumen in the eastern Sichuan Basin. The carbon isotope value of calcite is generally less than -2‰, a mean value of about -14.5‰, with the isotopically lightest values of -18.2‰ in gypsum-developed area, whereas the carbon isotope values of limestone are over 2.0‰ . Meanwhile, pH value of formation water in sour gas reservoirs was altered by TSR, and a decreasing trend of pH value for reservoir water occurred as the TSR proceeds, causing the acidic hydrothermal alteration to carbonate reservoirs and the regeneration of CO 2 with heavy isotopic compositions.
Gas source correlation
Although the gas geochemical characteristics support that the alkane gases in the Puguang marine gas field mainly originates from the sapropelic, it is uncertain which is the main source rock among Silurian shale, Lower Permian carbonate, and Upper Permian mudstone. We have investigated the tricyclic terpane / hopane ratios and hopane / sterane in the reservoir bitumen of the Upper Permian Changxing and Lower Triassic Feixianguan formations in the Puguang gas field, and found the tricyclic terpane / hopane ratio range from 0.22 to 0.96, and hopane / sterane ratio ranges from 3.76 to 8.39, which are close to those of Upper Permian Longtan Formation mudstone but different from those of the Lower Permian and Silurian source rocks (Figure 9 ) (Ma, 2008) . The comparison of biomarker patterns of aromatic series in reservoir bitumen in the Puguang marine gas field and the potential source rocks in the Sichuan Basin (Fig. 10 ) also supports that the marine natural gas in the Puguang gas field was sourced from the Upper Permian mudstone, since the distribution of triaromatic C 26 20R + C 27 20S and C 26 the relative abundance of 4-methyl triaromatic (C 27 ) is higher than that of 3-methyl triaromatic (C 27 ) and high abundance dinosterane occurs in the reservoir bitumen, which further confirms that the reservoir bitumen was sourced from the Upper Permian Longtan Formation source rock rather than the Lower Permian or Silurian source rocks. Moreover, carbon isotopic compositions of the reservoir bitumen range from -25.6‰ to -27.8‰, closer to those of the Upper Permian mudstone, but heavier than those of the Lower Silurian shale (Ma, 2008) . According to burial history simulation of PG2 well, the Upper Permian source rocks in the NE Sichuan Basin passed the hydrocarbon generation threshold in the Middle Triassic, and reached the oil generation peak in the Late Triassic-Early Jurassic. The crude oil started to be thermally cracked into gas in the Late Jurassic-Middle Cretaceous, and the source rocks almost entered into the over mature stage after the Middle Cretaceous. (Fig. 11) , which is unfavorable for the oxidative alteration of light hydrocarbon gases (i.e. methane and ethane), but the temperature of the gas reservoirs in Middle Jurassic-Early Cretaceous was higher than the TSR threshold temperature (120-140 o C). During the Middle Jurassic-Early Cretaceous, a large amount of H 2 S and CO 2 was generated via TSR, leading to decreasing pH value Figure 11. Burial and thermal history of the major stratigraphic intervals at the PG2 well in the Puguang gas field. The model was built using PetroMod 9.0 SP4 software. Compaction and denudation were based on fission track data and thermal maturity model calibrated using measured bottom hole temperature and vitrinite reflectance data.
and increasing acidity of the formation water. Thus the dissolution of carbonate reservoirs was enhanced, and a larger amount of the isotopically heavy CO 2 was generated (the CO 2 content is over 5.0%). As a result, the residual CO 2 became isotopically heavy. Therefore, there should exist at least two significant adjustments of high H 2 S gas reservoirs in the Puguang gas field as follows: 1) As the burial depth increased, the increase of gas reservoir temperature caused the gradual increase of TSR level, and the H 2 S and CO 2 contents gradually increased. When the reservoir fluid was saturated by CO 2 , some CO 2 that was depleted in 13 C was preferentially involved in the calcite formation, and the residual CO 2 became isotopically heavy. 2) During the whole uplifting of Sichuan Basin, the temperature of gas reservoir dropped, and the TSR was gradually diminished or eventually ceased. The contents of H 2 S and CO 2 generated via TSR decreased. Meanwhile, the decrease of reservoir temperature and pressure drove the saturated reservoir fluids into the sub-saturated state (Huang, et al., 2010 ). The acidic fluids containing H 2 S dissolved the carbonates, and the isotopically heavy CO 2 was released in the process. The CO 2 produced by this way mixed with the early generated CO 2 via TSR, and finally led to the relative high content and isotopically heavy CO 2 in the Puguang marine gas reservoir.
Gas-filling model
Based on the burial history, hydrocarbon generation history, and fluid inclusion analysis, the recovery of Puguang-Dongyuezhai structural configurations over geological time was investigated and the gas-filling history of Puguang giant gas field can divided into three stages (Fig. 12) .
At the early Indosinian period, the Puguang-Dongyuezhai structure as a secondary uplift in the northeastern slope of the Kaijiang paleo-uplift was presented high in the northeastern direction and low in the southwestern direction with a height difference of about 200m between the south and the north. At this time, the Upper Permian source rocks had just passed the threshold of petroleum generation, and superior reservoir had formed, but no faults could act as conduits for petroleum migration, so petroleum couldn't be accumulated effectively. At the late Indosinian-early Yanshanian period, the burial depth of the Longtan Formation source rocks was 2500-4000m, and reached the peak of petroleum generation; meanwhile, the northwesternsoutheastern nappe compression caused the formation of the Puguang structural trap, and the northeastern fault which connected the source rocks with the reservoir provided the favorable conduit for the petroleum migration. At the early-middle Yanshanian period, the tectonic movement was gentle in the NE Sichuan Basin, and the burial depth increase led to the reservoir temperature over 160 o C, and the crude oil started the thermal cracking into gas, accompanied with TSR occurrence. Before the large-scale uplifting denudation, the reservoir temperature was above 200 o C, and hydrocarbons had completely turned into natural gas. At the late Yanshanian-early Himalayan period, owing to the subduction of paleo-Pacific plate, the Qinling orogenic belt compressed southwards and resulted in a clockwise rotation of the Sichuan Basin (Zhang et al.,1995) . Thus, the NE Sichuan Basin was subjected to the intensive compression from the northwestern direction, and the great uplift of the Dongyuezhai structure caused the reversal of the highest and lowest positions and the north-south difference in height was about 600m, and a seesaw-type structural hinge was formed. The earlier formed gas pool was adjusted with the presence of effective conduit and faults, and the thick gypsum in Lower Triassic Jianglingjiang and Middle Triassic Leikoupo formations played an important role in preserving the petroleum accumulation during intense tectonic transformations.
CONCLUSION
Although multi-set source rocks were developed in the NE Sichuan Basin, such as Lower Cambrian Qiongzhusi Formation mudstones, Upper Ordovician Wufeng Formation-Lower Silurian Longmaxi Formation shale, Lower Permian carbonates, and Upper Permian mudstones, geochemical characteristics of natural gas and biomarker compounds in the reservoir bitumen and source rocks demonstrate that the natural gas in the Puguang giant gas field mainly originated from the thermal cracking of the liquid hydrocarbon which had been generated earlier from the Upper Permian Longtan Formation sapropelic mudstone. The TSR led to not only the increase of nonhydrocarbon gas content, but also less heavy hydrocarbon gas and higher dryness coefficient. TSR also caused the reversal of carbon isotopes of methane and ethane with isotopically heavier methane, and the unexpected isotopically heavy CO 2 was the mixing of TSR-altered and carbonate-dissolved CO 2 . The recovered results of petroleum accumulation over geological time indicate that the gas-filling history of Puguang giant gas field can be divided into three stages: at the first stage of late Indosinian-early Yanshanian period, the petroleum was accumulated; at the second stage of early-middle Yanshanian period, oil was thermally cracked into gas and altered by TSR; and at the third stage of late Yanshanian-early Himalayan period, the gas reservoir was re-adjusted. Summarily, the Puguang giant gas field was formed as a result of appropriate spatial arrangement of essential elements such as high-quality source rocks, favorable reservoirs, and high-grade cap rocks, and highly cooperative temporal arrangements such as hydrocarbon generation of source rocks, trap formation and fault conduit.
